While disinfection of swimming pools is indispensable for microbiological safety, it may lead to the formation of disinfection by-products. Most studies agree that inhalation exposure is the predominant pathway of the associated health risks, but assumptions are based on concentrations measured in water and evaporation models. Pool water and air were sampled in 19 swimming pools.
INTRODUCTION
Disinfection of swimming pool water is important to protect bathers against water transmitted microbial pathogens. Chlorine based disinfectants are the most commonly applied products due to the versatility, effectiveness, low cost and residual disinfecting power of chlorine. However, it is also known that the reactions between free chlorine and organic matter introduced by the bathers in the pool water lead to the formation of disinfection by-products (DBPs) (Manasfi pool water. Long-term exposure to THMs was associated with bladder cancer (Villanueva et al. ) and colon cancer (Hamidin et al. ) . Chloroform was categorized as a Group 2B carcinogen by the International Agency for Research on Cancer, and it is listed as a reproductive toxicant. Evidence is less readily available for other DBPs, such as chloroamines. Though high concentrations of chloroamines, especially NCl 3 , were linked to various symptoms (such as eye irritation), there are no consensus data on the carcinogenicity, genotoxicity, mutagenicity, or reproductive toxicity of the most volatile trichloramine (Florentin et al. ) . Toxic effects of DBPs were recently confirmed also on a metabolomic level (van Veldhoven et al. ).
Detrimental effects on respiratory function (such as asthma or chronic bronchitis) are also related to the inhalation of DBPs (NCl 3 and THMs). Elite swimmers and staff members (i.e. trainers and life security guards) experience the longest exposure times, and are accordingly considered a potential occupational hazard risk group from DBPs. Children are more vulnerable to health risks associated with swimming, though the outcomes of epidemiological studies on the relationship of swimming and childhood asthma are inconclusive (Villanueva et al. ) . The general conclusion (WHO ; CDC )supported by a current meta-analysisis that the beneficial effect of physical exercise outweighs the chemical health risk (Valeriani et al. ) .
Despite this positive message, from a regulatory perspective it is necessary to identify and, where possible, mitigate preventable health risks. It is a long-standing challenge to find the correct balance between microbiological safety and the chemical hazards associated with swimming pools. Risk assessment methods provide the tool for quantifying health risks, and there are a number of available models for this purpose (van Hemmen ). SWIMODEL is specifically aimed at assessing exposure from water through ingestion, inhalation and dermal (including buccal/sublingual, orbital/nasal and aural surfaces) pathways. The ConsExpo model was originally developed for risk assessment of consumer products, but it is sufficiently flexible in adapting different exposure and uptake scenarios to be used for DBP exposure in swimming pools. Previous risk assessment studies indicated inhalation to be the most significant exposure route (Chen et al. ) .
Most assessment tools use water concentration values and transfer models for the characterization of risk from inhalation exposures, which may lead to widely different risk values based on the underlying algorithm. SWIMODEL allows for direct assessment of inhalation risk from concentrations measured in air, but also uses two different volatilization algorithms, based on Henry's and Raoult's laws. According to the latter, in ideal solutions the vapour pressure of components is in linear correlation with their mole fraction in the solution: The evaporation is driven by the difference between the vapour pressure in the room air (P air ) and the equilibrium vapour pressure of the substance in the product (P eq ). In dilute solutions, the evaporation is approximated by Raoult's law.
The aim of the current study was to: (i) investigate THM Oral intake was calculated as:
Absorption through the skin and the inner dose within the body depends on the ratio of body surface and weight.
The same absorption rate was used for all age-groups, in the following formula:
Exposure through inhalation depends on the breathing rate and ventilation rate. Chloroform uptake was estimated from the concentration measured in water by evaporation algorithms (based on Henry's law and Raoult's law). Inhalation exposure was also determined directly from the air measurements:
Absorption through the orbital, nasal, buccal, sublingual and aural surfaces may also contribute to the chloroform uptake, as a function of water intake and the absorption factor:
where LADD buccal,sublingual ¼ lifetime average daily dose (buccal, sublingual), LADD orbital,nasal ¼ lifetime average daily dose (orbital, nasal), WI ¼ water intake (L/h), F ¼ swimming frequency (events/year):
where LADD aural ¼ lifetime average daily dose (aural),
Individual excess lifetime cancer risk was estimated as:
where SF is the slope factor (SF oral/dermal is SF inhalation ).
The other applied model was ConsExpo (Delmaar & Schuur ), which was originally designed for exposure analysis of household chemicals. Pool disinfectants are was used for the estimation of inhalation exposure:
where C air ¼ concentration of substance in the room air Based on the information collected from the pool operators, the ventilation rate was set to twice per hour. Mass transfer coefficient was set to 1.0 m/h.
Dermal absorption was estimated using the Diffusion
Through Skin module of ConsExpo using the following equation:
where A abs ¼ dermal absorption of the substance, A skin ¼ amount of substance on the skin (in this case, the mass of chloroform in 1 cm thick layer of water close around the total skin surface) (kg), V ¼ volume of the substance on the skin (follows from the concentration and the amount on the skin) (m 3 ), P ¼ permeability of the skin (m/s), S ¼ exposed skin area (m 2 ), t ¼ exposure time (s).
RESULTS
Swimming pools selected for the study were similar in their main operational characteristics. All pools were operating indoors, and were used primarily for swimming; spa pools and feature pools were excluded from the study. Conventional pool water treatment was used, flocculation with aluminum and filtration on sand or diatoma filters.
Sodium hypochlorite was used for disinfection, secondary disinfection (UV or ozone) was not used. of magnitude higher, the latter one order of magnitude lower than the actual measured concentration. The associated inhalation risk showed the same difference, as its correlation with the chloroform concentration in this range is linear (Table 3 ). The total lifetime risk was close to the accepable level for both recreational and elite swimmers even with the more realistic Raoult's model (9.83 × 10 À7 and 7.98 × 10 À6 , respectively), while Henry's model resulted in extreme values (7.78 × 10 À4 and 6.29 × 10 À3 , respectively).
ConsExpo only calculates from water concentration, and considers oral, dermal and inhalation exposure (buccal, nasal and aural pathways are not included).
Nevertheless, ConsExpo yielded very similar values to
those calculated by SWIMODEL from air concentration ( Table 2 ).
The risk for children was always lower than for adults due to the shorter exposure times (Table 2) . However, greater sensitivity resulted in higher risk values in younger children (7-10 vs. 11-14).
Pool staff members (e.g. life-guards or trainers) represent a different scenario. In their case, only inhalation exposure Aural 2.14 × 10 À9 9.92 × 10 À10 3.50 × 10 À9 6.63 × 10 À9 1.01 × 10 À9 3.03 × 10 À9 1.44 × 10 À8 1.84 × 10 À8 All 2.49 × 10 À6 1.16 × 10 À6 4.10 × 10 À6 7.75 × 10 À6 2.15 × 10 À6 6.46 × 10 À6 5.10 × 10 À5 5.97 × 10 À5
ConsExpo
Oral 3.21 × 10 À8 1.49 × 10 À8 2.63 × 10 À8 7.32 × 10 À8 1.52 × 10 À8 2.30 × 10 À8 5.41 × 10 À8 9.23 × 10 À8
Dermal 5.84 × 10 À8 3.79 × 10 À8 1.79 × 10 À7 2.76 × 10 À7 2.78 × 10 À8 1.10 × 10 À7 7.00 × 10 À7 8.38 × 10 À7 Inhalation 1.89 × 10 À6 1.14 × 10 À6 3.18 × 10 À6 6.21 × 10 À6 2.87 × 10 À6 6.44 × 10 À6 3.31 × 10 À5 4.24 × 10 À5 SwimodelA 2.33 × 10 À6 1.08 × 10 À6 3.83 × 10 À6 7.25 × 10 À6 2.09 × 10 À6 6.29 × 10 À6 5.02 × 10 À5 5.85 × 10 À5 SwimodelH 2.51 × 10 À4 1.16 × 10 À4 4.12 × 10 À4 7.78 × 10 À4 2.25 × 10 À4 6.75 × 10 À4 5.39 × 10 À3 6.29 × 10 À3 SwimodelR 3.17 × 10 À7 1.46 × 10 À7 5.19 × 10 À7 9.83 × 10 À7 3.20 × 10 À7 8.53 × 10 À7 6.80 × 10 À6 7.98 × 10 À6 ConsExpo 1.89 × 10 À6 1.14 × 10 À6 3.18 × 10 À6 6.21 × 10 À6 2.87 × 10 À6 6.44 × 10 À6 3.31 × 10 À5 4.24 × 10 À5 IELCR is calculated using the following models: SWIMODEL, using the mean chloroform concentration measured in pool air at 40 cm height (SwimodelA); SWIMODEL, using the mean chloroform concentration measured in pool water and the mass transfer model based on Henry's low (SwimodelH); SWIMODEL, using the mean chloroform concentration measured in pool water and the mass transfer model based on Raoult's low (SwimodelR); ConsExpo, using the mean chloroform concentration measured in pool water and the mass transfer calculation (ConsExpo).
is relevant, but exposure is longer (the usual receptor value is 8 h/event, inhalation rate 0.8 m 3 /h, 250 times a year for 30 years), resulting in high IELCR values (6.64 × 10 À5 ), well above the acceptable level of occupational risk.
DISCUSSION
The adverse long-term health effect of THMs, and especially chloroform, is undebated by most studies, however, the estimated levels of excess risk are very diverse (Table 4 ). All published studies agree that it exceeds the acceptable level of 10 À6 , but IELRC values up to 10 À3 were reported pre- ConsExpo is the most recent tool (the new web version released in February 2018) to assess the risk of exposure to consumer products, including swimming pool disinfectants.
The scenarios offered by ConsExpo adequately describe the inhalation, dermal and oral exposure during a pool visit. It does not address exposure through the mucosa, but this did not lead to a significant difference between the risk estimates by the two models for chloroform. ConsExpo is the model recommended for chemical safety assessment by the European Chemicals Agency. In the present study, it gave the best estimate for chloroform in air calculated from the concentration measured in water.
Using mass transfer models from water to air in SWIMODEL based on Henry's and Raoult's laws yielded four orders of magnitude difference both in air concentration estimates and the corresponding IELCR values, the former over-, while the latter underestimating the results of air measurements (Table 3) . Previous studies using SWIMODEL relying on the Henry mass transfer model also arrived at much higher IELCR values (Table 4, The UK Pool Water Technical Advisory Group suggests free chlorine between 0.5 and 1 mg/L as an optimum, and up to 3 mg/L in special cases (e.g. spas) (PWTAG ).
Combined chlorine cannot exceed 1 mg/L and half of the concentration of free chlorine.
In the present study, the free chlorine levels were well within (or even below) the nationally or internationally accepted range, and the combined chlorine levels indicated overchlorination in more than half of the investigated pools. (Table 5 ).
The pH of most pools (13/18) was above the usually recommended range (6.5-7.8 in the Hungarian regulation), but there was no correlation between the pH and any of the investigated DBPs (Table 5) . According to previous studies, THM formation usually increases at higher pH, however, these conditions were shown to produce lower genotoxicity than other DBP, such as HANs, which are generated at lower (<7.0) pH (Hansen et al. ) .
The indoor air quality of a swimming pool is generally substitute for air quality monitoring. The concentrations measured in air at two different heights showed strong correlation (two-tailed Pearson correlation 0.772, p < 0.01), and between water and the results at 150 cm (0.599, p < 0.01), but the relationship observed between the concentration in water and air at 40 cm was weak (0.441, p ¼ 0.058).
The risk assessment indicated that even if the water is compliant with the limit values (which are health based), the IELCR still exceeds the generally accepted level of 10 À6 . The wide variation of results by different evaporation models also suggest a necessity to perform air measurements.
CONCLUSIONS
The health risk associated with DBP exposure in swimming pools has a growing body of evidence, but its estimate depends largely on the risk assessment models. We have observed weak correlation between concentrations measured in water and air, suggesting the need for air quality monitoring as a regulatory tool, since inhalation is still assumed to be the most relevant pathway. When relying solely on water measurements, most studies overestimate the risk due to the applied mass transfer models, but in the current assessment the ConsExpo model gave good estimates on the evaporation of chloroform.
Regulation (either in a legal from or as best practice guidance or standards) is an important tool for health protection. Based on the current results, not even the most stringent German limit value for THMs in pool water (20 μg/L) provides a sufficient level of protection, and in air, chloroform above 5 μg/m 3 already leads to IELCR above 10 À6 . Better management practices of both water and air are necessary to reduce the risk to bathers' health. Combined chlorine 0.648 (0.003) a 0.704 (0.001) a 0.855 (0.000) a a Correlation is significant at the 0.01 level (two-tailed).
b Correlation is significant at the 0.05 level (two-tailed).
